In order to investigate hybridization between 2 species of woodrats, Neotoma floridana and Neotoma micropus, 103 specimens were collected, in March of 1988, from a known area of sympatry, and compared with reference collections from areas of allopatry. Ten genetic markers, consisting of 7 microsatellite loci, 1 mitochondrial gene (cytochrome-b [Cytb]), and 2 nuclear introns (intron 2 of the vertebrate alcohol dehydrogenase gene [Adh1-I2] and intron 7 of the beta-fibrinogen gene ) were used to develop a composite genotype for each individual and for detection of hybridization. Six individuals were identified as pure parental N. micropus, 96 as hybrids, and 1 as pure parental N. floridana. Hybrids were formed primarily through matings between complex genotypes, resulting in a high prevalence of individuals classified as backcrosses. The ratio of hybrid classes, population substructure, and presence of significant linkage disequilibrium within the zone of contact could not reject either the hybrid superiority or hybrid equilibrium model as responsible for maintenance of this hybrid zone. The collection date of this dataset (1988) provided not only a point in time assessment of the hybrid zone but also provided opportunities for future comparisons of temporal datasets with the purpose of examining hybrid zone characteristics over multiple generations. Subject areas: Population structure and phylogeography Key words: admixture, hybridization, introgression, microsatellites, parapatry Hybridization occurs when 2 genetically distinct populations mate, producing offspring of mixed ancestry (Barton and Hewitt 1985) . From an evolutionary perspective, the importance of hybridization is crucial to understanding how genetic changes accumulate between lineages and the impact of those changes on the processes of speciation and evolution. Hybrid zones are common in mammals and are well documented within the order Rodentia (Patton et al. 1979; Stangl 1986; Nelson et al. 1987; Baker et al. 1989; Gava and Freitas 2004) . Hybridization within Rodentia has been reported between taxa with varying degrees of genetic and reproductive isolation including: karyotypic races (Patton et al. 1979; Baker 1981; Van Den Bussche et al. 1993) , subspecies (Sage et al. 1986 ), sister species (Matocq 2002) , and rarely, non-sister species (Baker et al. 1989 ). Many features (e.g., frequency of hybridization, geographic extent of genetic introgression, directionality of mating, and fertility of hybrid individuals, etc.) of hybrid zones are extremely variable, and examination of these characteristics can elucidate the manner in which hybrid zones function, and identify the model of hybrid zone maintenance sustaining the zone (i.e., dynamic equilibrium model, hybrid equilibrium model, or hybrid superiority model). These data, in turn, provide insight to the processes of evolution and speciation.
Hybridization occurs when 2 genetically distinct populations mate, producing offspring of mixed ancestry (Barton and Hewitt 1985) . From an evolutionary perspective, the importance of hybridization is crucial to understanding how genetic changes accumulate between lineages and the impact of those changes on the processes of speciation and evolution. Hybrid zones are common in mammals and are well documented within the order Rodentia (Patton et al. 1979; Stangl 1986; Nelson et al. 1987; Baker et al. 1989; Gava and Freitas 2004) . Hybridization within Rodentia has been reported between taxa with varying degrees of genetic and reproductive isolation including: karyotypic races (Patton et al. 1979; Baker 1981; Van Den Bussche et al. 1993) , subspecies (Sage et al. 1986 ), sister species (Matocq 2002) , and rarely, non-sister species (Baker et al. 1989 ). Many features (e.g., frequency of hybridization, geographic extent of genetic introgression, directionality of mating, and fertility of hybrid individuals, etc.) of hybrid zones are extremely variable, and examination of these characteristics can elucidate the manner in which hybrid zones function, and identify the model of hybrid zone maintenance sustaining the zone (i.e., dynamic equilibrium model, hybrid equilibrium model, or hybrid superiority model). These data, in turn, provide insight to the processes of evolution and speciation.
In this study, hybridization was examined in the genus Neotoma (woodrats) within the rodent family Cricetidae. Hybridization has been reported between several species of this genus (Spencer DL, unpublished data; Huheey CC, unpublished data; Shurtliff 2013; Birney 1973 Birney , 1976 Zimmerman and Nejtek 1977; Matocq 2002) . Two species in particular, Neotoma floridana (Eastern Woodrat) and N. micropus (Southern Plains Woodrat), occur parapatrically for over 2200 km, from the Gulf of Mexico to southeastern Colorado Hall 1981; Wilson and Reeder 2005) . N. floridana, an eastern species, typically inhabits more mesic riparian habitats, whereas N. micropus, a southwestern species, generally exploits more xeric habitats with sagebrush and prickly pear cacti (Schmidly 2004) . The eastern distributional limits of N. micropus and the western limits of N. floridana appear to be separated by a few kilometers at several localities and by less than 1 km at others (Figure 1 ; Spencer DL, unpublished data; Birney 1973 Birney , 1976 Stangl et al. 1992; Schmidly 2004 ).
The phylogenetic relationship of these 2 species is noteworthy as, unlike most hybridizing taxa, N. micropus and N. floridana are not sister species. Hybridization between non-sister mammalian species appears to be rare in nature, with only a few reported examples (Artibeus: Larsen et al. 2010 ; Geomys: Baker et al. 1989 and Bradley et al. 1991; Tamias: Good et al. 2003 , 2008 and Thomomys: Patton and Smith 1990) . The most recent phylogenetic assessment of Neotoma designates these species as nominal taxa of separate species groups, presumably separated by 5 speciation events (Edwards and Bradley 2002) . N. floridana and N. micropus are approximately 13.7% divergent at the mitochondrial cytochrome-b gene (Cytb: , approximately 1.6 times the divergence reported for the sister species N. floridana and N. magister (~8.6%; Longhofer and Bradley 2006) .
The karyotype of N. floridana is 2n = 52 fundamental number (FN) = 56 and that of N. micropus is 2n = 52 FN = 50-56, with FN 56 being the most common and widespread cytotype (Baker and Mascarello 1969) . Baker et al. (1970) reported karyotypic polymorphisms in all sampled populations of N. micropus, as well as between littermates of the same sex. Based on the geographic distribution of polymorphisms, Baker et al. (1970) suggested that a polymorphic chromosomal system was favored in this instance by natural selection. Therefore, no karyotypic hindrance to gene flow has been identified.
Several investigators have reported potential sympatry of these 2 species (Finley 1958; Davis 1960; Spencer DL, unpublished data; Birney 1973) , and 2 have demonstrated hybridization under natural conditions (Spencer DL, unpublished data; Birney 1973) . Through use of a laboratory breeding program, Spencer DL (unpublished data) identified multiple diagnostic morphologic characters between N. micropus and N. floridana. He also reported no evidence of reduced fertility in hybrids, and that laboratory-bred interspecific hybrids had intermediate values of diagnostic character states, and determined that similar patterns obtained from wild-caught individuals from an area of sympatry in Major County, 3.2 km north of Seiling, OK, were the result of hybridization. Nine of 18 specimens (50%) examined by Spencer DL (unpublished data) from this locality were determined to be putative hybrids, providing the first evidence for hybridization between these 2 species. Birney (1973) morphologically reevaluated specimens originally reported by Spencer DL (unpublished data) and examined additional specimens from the same population using morphologic and karyotypic data. Although Spencer DL (unpublished data) and Birney (1973) both confirmed the presence of natural hybridization, morphological identification of specimens varied between studies. Birney (1973) estimated that 22 of 41 (~53.7%) individuals examined from the zone of sympatry were hybrids and reported reduced fecundity of hybrid individuals by measure of smaller litters.
Typically, an allopatric distribution and habitat preference prevent sympatry of N. floridana and N. micropus; however, at the Seiling, OK site, the 2 species occur sympatrically as the result of interdigitation (hybrid habitat or ecotone : Endler 1977) between the sage-grassland of the southern Great Plains and the bottomland forest habitat along the North Canadian River (Spencer DL, unpublished data; Birney 1973) . Estimation of length of the hybrid zone along the river varied from 0.4 to 1.3 km (Spencer DL, unpublished data; Birney 1973) . Due to small sample sizes from the area of sympatry and limited resolution of techniques available, previous studies (Spencer DL, unpublished data; Birney 1973) were able to determine the presence of hybridization but were unable to agree upon the extent of introgression between the species or fecundity of hybrids.
The purpose of this study was to further investigate hybridization between the 2 species at the Seiling, OK locality by examining genetic markers obtained from the mitochondrial and nuclear genomes of woodrats collected from the hybrid zone. Our objectives were to determine: 1) frequency of hybrid individuals, 2) directionality (reciprocal versus nonreciprocal) of hybridization, 3) ratio of genotypes and haplotypes in the hybrid zone, and 4) model of maintenance responsible for sustaining this hybrid zone.
Eleven genetic markers were selected for examination. First, the mitochondrial Cytb gene was reported by previous studies Bradley 2001, 2002) to be diagnostic between the 2 species and was used to determine the maternal history of each individual. Second, 2 nuclear introns, intron 2 of the alcohol dehydrogenase gene (Adh1-I2: Amman et al. 2006; Longhofer and Bradley 2006) and intron 7 of the beta-fibrinogen gene (Fgb-I7: Carroll and Bradley 2005) , also were determined to be diagnostic and utilized to identify each individual as homozygous (for either parental species) or heterozygous at these loci. Third, 8 microsatellite markers previously determined as diagnostic both between (Castleberry et al. 2000; Haynie et al. 2007 ) and within species of Neotoma (Castleberry et al. 2002; Méndez-Harclerode et al. 2007; Baxter et al. 2009 ) were utilized to increase sampling of the nuclear genome and improve the ability to assign individuals to hybrid classes.
Methods

Samples
One hundred and three woodrats were collected over a 3-day period in March 1988 outside of Seiling, OK at the site described by previous studies (36.183559°N, 98.922663°W: Spencer DL, unpublished data; Birney 1973) . Collection efforts were made over an area approximately 0.5 km 2 in size, and spatial distribution of individual capture sites was approximated and mapped based on field notes and satellite imagery (Figure 2 ). The study area was comprised of 2 separate pieces of private property, and permission from the landowners was received before accessing said properties. Fifty-one woodrat middens were excavated (30 were occupied) and the inhabitants captured by hand. Woodrats were collected at one additional site (a barn) with Havahart® livetraps (Woodstream Corporation, Lititz, PA). Individuals were given a unique identification number (TK number), sexed, and measured. In cases where females and their offspring were captured in the same midden, mother and offspring were cross-referenced; similarly, pregnant females were cross-referenced to embryos. Specimens were sacrificed by cardio-thoracic compression following methods approved by the American Society of Mammalogists (Ad hoc Committee for Animal Care Guidelines 1985). Tissue samples (heart, kidney, liver, and muscle) were obtained, immediately frozen in liquid nitrogen, and archived at −80 °C. Voucher specimens (skulls and some skins) were prepared and deposited in the Natural Science Research Laboratory at the Museum of Texas Tech University (Supplementary Appendix I online).
DNA Isolation
Total genomic DNA (nuclear and mitochondrial) was isolated from each individual using approximately 0.1 g of liver and the Qiagen DNeasy kit (Qiagen Inc., Valencia, CA). In some cases, entire embryos were used to isolate DNA. DNA samples were stored at −20° C for subsequent analyses.
Reference Samples and Diagnostic Genotyping
Eight N. floridana and 7 N. micropus (Supplementary Appendix I online) collected from outside of the area of sympatry were included as reference samples ( Figure 1 ). Efforts were made to sample sites from an extensive portion of the respective distributions and to sample "genetically pure" representatives of each species. Nucleotide sequences were generated for all reference individuals at the Cytb, Adh1-I2, and Fgb-I7 loci using techniques and primers detailed below. Sequencher 4.10.1 software (Gene Codes Corporation, Ann Arbor, MI) was used to proof nucleotide sequences. Sequences were screened for diagnostic restriction sites using NEBCutter v2.0 (New England Biolabs) software and subsequently deposited into GenBank (Supplementary Appendix I online).
Cytb Assay
The entire mitochondrial Cytb gene (1143 base pairs) was amplified using polymerase chain reaction (PCR) methods modified from Saiki et al. (1988) . Two PCR primers (MVZ05: Patton 1993 and H15915: Irwin et al. 1991) were used following parameters and conditions outlined in Edwards and Bradley (2002) . Reference sequences were generated using the 2 PCR primers and the following cycle sequencing primers: 400R (Peppers and Bradley 2000) , 400F, WDRAT605, and CWE1 following protocols outlined by Edwards and Bradley (2002) . One restriction enzyme was determined to be diagnostic within the 1143 bp region of the Cytb gene: BsaI (GGTCTC(N) 1 /) possessed a restriction site (positions 754-760) that was unique to N. floridana. Restriction digests were performed with 4 µl of PCR product, 0.5 µl of the restriction enzyme, 1.5 µl of enzyme-specific 10× reaction buffer, and 8 µl of water for a 15 µl total volume and incubated at 37 °C for 7 h, as outlined by the manufacturer.
Adh1-I2 Assay
A 566 bp fragment of the Adh1-I2 region was amplified for all samples included in this study using primers (Exon II-F and 2340-II) and PCR methods followed Amman et al. (2006) and Longhofer and Bradley (2006) . Nucleotide sequences for reference individuals were generated using the PCR primers and 2 additional primers (350F and 350R) and cycle sequencing methods reported by Amman et al. (2006) . Enzyme NsiI (ATGCA/T) possessed a restriction site (positions 315-320) that was unique to N. floridana. Restriction digests were performed with 4 µl of PCR product, 0.5 µl of the restriction 1.5 µl of enzyme-specific 10× reaction buffer, and 8 µl of water for a 15 µl total volume and incubated at 37 °C for 7 h, as outlined by the manufacturer.
Fgb-I7 Assay
A 609-610 bp fragment of the nuclear Fgb-I7 marker was amplified using PCR primers (Fgb-I7L-Rattus and Fgb-I7U-Rattus) from Wickliffe et al. (2003) , following PCR methods modified from Prychitko and Moore (2000) as outlined in Carroll and Bradley (2005) . No restriction enzyme was diagnostic; however, 3 diagnostic nucleotide substitutions were identified at positions 428, 487, and 493. Therefore, this region of DNA was sequenced using methods outlined in Carroll and Bradley (2005) using the PCR primers and the following 2 primers: Bfib300F and Bfib300R (Carroll and Bradley 2005) . Sequence data for all individuals were deposited in the NCBI GenBank database (Supplementary Appendix I online).
Microsatellite Assay
Eight primers were selected for their diagnostic capabilities within the genus Neotoma, based on previous studies (including studies involving N. micropus; Castleberry et al. 2000 Castleberry et al. , 2002 Haynie et al. 2007; Méndez-Harclerode et al. 2007; Baxter et al. 2009): Nma01, Nma04, Nma05, Nma06, Nma10, Nma11, Nma14 , and Nma15. Protocols followed Haynie et al. (2007) to determine the multilocus genotype for each individual. Alleles were scored using GeneMapper software (version 4.0; Applied Biosystems Inc.). In fulfillment of data archiving guidelines (Baker 2013) , we have deposited the primary data underlying these analyses with Dryad.
Data Analysis
Based on the profile generated by the respective restriction enzyme digests and sequence data, each individual was scored as either N. micropus or N. floridana for the mitochondrial genome, and as homozygous N. micropus, heterozygous, or homozygous N. floridana for the Adh1-I2 and Fgb-I7 markers. Microsatellite data were examined independently and in combination with other nuclear loci. The software package GenAlex (version 6.5; Peakall and Smouse 2012) was used to determine probability of identity and format data as codominant nuclear markers for use in Structure (v2.3.4; Pritchard et al. 2000) and Arlequin (v 3.1; Excoffier et al. 2005) . Mitochondrial data were not analyzed in Structure, but were included in Figure 3 for assistance in identification of hybrid individuals, and used to determine directionality of matings responsible for generation of hybrid individuals. Nuclear genotypes for all individuals were analyzed in Structure to quantify admixture between the 2 species.
Reference individuals were assigned to a priori "populations," whereas individuals from the sympatric locality were not. All Structure runs utilized the admixture model with independent allele frequency option, a burnin of 500 000 and run length of 1 000 000. Nuclear data were organized into 3 datasets: microsatellite data, combined Adh1-I2 and Fgb-I7, and a complete nuclear dataset. Two separate parameter sets were run for each of the 3 nuclear datasets, one utilized reference individual population numbers as prior information (parameter set A), whereas the other did not (parameter set B). Both parameter sets examined values of K from 1 to 7 with 10 replicates per value of K. Structure result files were uploaded to Structure Harvester (Earl and vonHoldt 2012) to determine the value of K that best fit the data using the Evanno method (Evanno et al. 2005) .
To examine admixture between the 2 species, the run with the smallest variance value from parameter set A (K = 2) was used to generate a plot (Figure 3) . The complete nuclear dataset was analyzed in NewHybrids (v. Hybrid classifications with the highest posterior probability values were assigned to individuals if no available data (e.g., mtDNA, nuclear markers, and genotype information of proposed dam) excluded that classification as a possibility (i.e., individuals determined to have a high probability of belonging to a pure parental type classification of one species, but contained any Adh1-I2, Fgb-I7, or Cytb alleles of the other species), were determined to belong to the category with the next highest support value. In situations where Structure and NewHybrids results were discrepant, a final decision was made based on visual inspection of genotypes, maternal data, and hybrid index values. No categorical distinction was made between different generations of backcross. A hybrid index (Supplementary Table S1 online) was subsequently generated utilizing the output data from the Structure run with parameter set A (K = 2), incorporating all nuclear markers.
To minimize the risk of pseudoreplication within the dataset, specimens were placed into one of 2 age cohorts: adults and solitary subadults (henceforth referred to as adults; 30 individuals) and all offspring or cohabiting subadults (henceforth referred to as progeny; 73 individuals). For all analyses which utilized α values and degrees of freedom (e.g., chi-square tests and t-tests), the adult cohort was analyzed unless stated otherwise, and significance determinations were based on α = 0.05. Microsatellite data from reference samples and the adult cohort were analyzed in Arlequin v. 3.1 (Excoffier et al. 2005) to examine compliance of markers with Hardy-Weinberg and linkage equilibrium. The program R (Team, RDC 2008 ) was used to perform chi-square tests and t-tests. Chi-square analyses were used to examine proportion and spatial distribution of mtDNA haplotypes within the hybrid zone, t-tests were conducted to examine pairwise comparisons of observed litter sizes from the zone of sympatry to previously reported hybrid (Spencer DL, unpublished data), N. micropus (Wiley RW, unpublished data), and N. floridana (McClure and Randolph 1980) litter sizes. Data from Birney (1973) were not examined as they were unavailable. A randomization test of goodness-of-fit was run using Excel 2010 (Microsoft Corporation) with methods described by McDonald (2009; p. 52-56) and was utilized for analysis of ratios of parental species nuclear contribution to the hybrid zone.
Results
One hundred and three woodrats were collected from 31 sites within the zone of sympatry (30 middens and a barn; Supplementary Table S1 online and Figure 2 ). Six middens were occupied by solitary males, 17 middens and the barn had family units (mothers and at least 1 litter of offspring), and 6 middens were occupied by solitary females or subadult littermates. Results of all molecular assays are shown in Supplementary Table S1 online. In all cases, offspring and embryos possessed the same mitochondrial DNA haplotype as their proposed mothers.
The nuclear Adh1-I2 and Fgb-I7 markers, along with the mitochondrial Cytb gene, were determined to be completely diagnostic (with no shared alleles between reference individuals of separate species). The microsatellite markers were considered semidiagnostic, as some alleles were shared at all loci by the 2 species. The microsatellite markers and proportion of alleles shared between reference samples of separate species are as follows (total number of alleles per locus detected in reference specimens is shown in the denominator): Nma01 (3/14), Nma04 (2/15), Nma05 (4/8), Nma06 (5/14), Nma10 (3/22), Nma11 (4/12), Nma14 (6/9), and Nma15 (3/13). Due to the number and frequency of shared alleles detected at the Nma14 locus (~87% of reference individuals possessed at least one Nma14 allele found in both species), it was excluded from analyses. Additionally, multiple alleles were identified within the hybrid zone, which were not detected in reference samples: Nma01 (3), Nma04 (2), Nma05 (2), Nma06 (0), Nma10 (11), Nma11 (3), and Nma15 (3). No identical genotypes occurred and the probability of identity for individuals within the contact zone using the analyzed microsatellite markers was 2.1 × 10 −11 . Arlequin analyses determined the following markers were significantly different than HardyWeinberg equilibrium expectations (α = 0.05): Nma04 and Nma05 in the N. micropus reference samples; Nma04, Nma05, and Nma11 in the N. floridana reference samples; and Adh1-I2, Nma04, and Nma05 within the contact zone. Arlequin analyses determined that all loci except Nma15 showed significant pairwise linkage disequilibrium with at least one other locus, and 12 of 36 pairwise comparisons showed significant linkage disequilibrium.
Inspection of the Adh1-I2 locus data identified 19 hybrids, whereas 33 hybrids were identified with Fgb-I7 locus data (Table 1) . Analyses utilizing both fully diagnostic nuclear markers identified 86 hybrid individuals. Inclusion of mtDNA and microsatellite data identified 3 and 2 additional hybrid individuals, respectively. Additionally, genotypic data determined that bidirectional matings between species were responsible for hybrid offspring, as both mtDNA haplotypes were found in hybrids. A minimum threshold of 10% estimated nuclear admixture was established to classify an individual as a hybrid based on Structure results, unless 1 of the 3 fully diagnostic markers (Adh1-I2, Cytb, and Fgb-I7) indicated admixture. This method identified 91 of 103 individuals as interspecific hybrids. Addition of genotype data from proposed dams identified 5 more individuals of mixed ancestry, for a total of 96 hybrids within the study area (Table 1) . Examination of the adult cohort determined 26 of 30 (86.7%) to be of mixed ancestry. Structure Harvester results (Table 1) indicated that the most appropriate value of K for the total nuclear dataset analyzed with parameter set A was 4, with the study site divided into 2 clusters separated by the highway. Analyses utilizing data from parameter set B selected the most appropriate value of K to be 2. The parameter set A, K = 2 plot, more clearly differentiated the reference samples and was therefore used to determine admixture rates within the zone of sympatry. Although mitochondrial data were not included in the Structure or NewHybrids analyses, they were included in the figures (Figure 3 and Supplementary Figure S1 online) to aid in identification of hybrid individuals with low levels of genetic introgression. Two individuals (TK25349 and TK25350) determined, by results of Structure analyses, to have a high proportion of N. floridana nuclear alleles were identified as progeny of a N. micropus backcross dam (TK25384; Supplementary Table S1 online). It was assumed that the presence of shared microsatellite alleles at all loci caused overestimation of introgression in these individuals, both of which were classified as F2-like.
NewHybrids analyses identified all N. micropus reference samples with a minimum posterior probability value of 0.895 and all N. floridana reference samples with a minimum posterior probability value of 0.59 (the posterior probability values for 6 of the 8 N. floridana reference samples were >0.95). NewHybrids analyses of all nuclear data, in combination with diagnostic marker allele calls and genotypes of suspected dams, determined the numbers of individuals per respective hybrid class (# adult, # progeny) as follows: "pure" N. floridana (1, 0), backcrosses to N. floridana (9, 30); F 1 individuals (0, 0); F 2 hybrids (3, 0); F 2 -like individuals (0, 7); backcrosses to N. micropus (14, 33); and "pure" N. micropus  (3, 3) . Examination of the proportion of hybrid classes indicated an inflated number of backcrosses and a paucity of F 1 and F 1 -like individuals.
Results of chi-squared tests indicated a significantly large proportion of adults (21/30; P = 0.02846), and adult hybrids (18/26; P = 0.04986) possessed the N. micropus mtDNA haplotype. Additionally, of the 18 middens with family units, genotypes indicated that 1 dam (midden 13) was of "pure" N. micropus ancestry, 0 dams were of "pure" N. floridana ancestry, and 17 dams were of mixed ancestry. Of the 17 hybrid dams, 6 were found with multiple litters. Hybridreared juvenile litter size mean was 2.85 ± 1.03, with a median of 2. T-test results indicate that N. floridana (McClure and Randolph 1980) and N. micropus (Wiley RW, unpublished data) litter sizes were not significantly different (P = 0.3922), nor were the comparisons between the litter size dataset from this study and that from Spencer's study (Spencer DL, unpublished data; P = 0.7757). T-test results also determined that hybrid litter sizes from both studies (current study, Spencer DL, unpublished data) were not significantly different from those of N. micropus (P = 0.6941, P = 0.554) or N. floridana (P = 0.4096, P = 0.3727).
The proportion of nuclear alleles from each parental type detected in hybrids did not vary significantly from the null model of equal contribution (P = 0.19210). Examination of the adult cohort revealed that all 3 putative F 2 individuals contained N. floridana mtDNA; 3 backcrosses to N. floridana contained N. floridana mtDNA and 6 contained N. micropus mtDNA. Two backcrosses to N. micropus contained N. floridana mtDNA and 12 contained N. micropus mtDNA. The 1 "pure" N. floridana individual was collected to the east of the highway, and the 3 "pure" N. micropus individuals were located to the west of the highway. Of the 3 F 2 hybrids, 2 were collected west and 1 was captured east of the highway (Figure 2 ; Supplementary Table S1 online). Thirteen of the 17 (~76%) adults collected to the west of the highway possessed N. micropus mtDNA. Eight of the 13 (~62%) adults collected east of the highway possessed N. micropus mtDNA. All nine N. floridana backcross individuals were collected east of the highway, whereas 12 of 14 (~86%) of N. micropus backcross individuals were located west of the highway.
Discussion
It is important to note that the proportion of each category (e.g., F 1 , F 2 , etc.) present for an individual in the NewHybrids plot (Supplementary Figure S1) indicates the posterior probability support value for the specified individual to belong to the corresponding classification, whereas the Structure plot ( Figure 3 ) is an estimate of proportion of genetic material contributed by each species. Therefore, a direct comparison of proportions displayed per individual between the 2 figures can be misleading and is not appropriate. Although inclusion of microsatellite data did reveal 2 additional hybrids, it did not provide the measure of resolution anticipated, likely attributable to the presence of multiple alleles per locus shared between these species, as well as the presence of alleles found within the hybrid zone which were not detected in reference samples. At this time, the geographic distributions of these alleles are unclear. Examination of composite genotypes revealed that the frequency of hybridization (86.7% among adults) was higher than the 50% and 53.7% reported by Spencer DL (unpublished data) and Birney (1973) , respectively. This was expected, to some extent, as previous studies utilized techniques with limited resolution (i.e., morphology and karyotypes), when compared with that provided by the use of discrete genetic characters and a larger sample size. Litter sizes were comparable to those reported for dams with hybrid (Spencer DL, unpublished data), "pure" N. floridana (McClure and Randolph 1980) , and "pure" N. micropus (Wiley RW, unpublished data) ancestry. These data, in conjunction with detection of multiple litters with hybrid females, indicated no evidence of reduced hybrid fertility by measure of litter size or number of litters per year. Also, 15/18 (83.33%) dams of family units including 14/17 (82.35%) hybrid dams contained the N. micropus mitochondrial haplotype. These data support Birney (1973) who reported that female N. micropus had higher mating success (% successful copulations) with male N. floridana than with males of their own species, or than female N. floridana experienced with male N. micropus. These data seem to indicate that hybridization is biased toward N. floridana males mating with N. micropus females; however, presence of both mtDNA haplotypes in the hybrid population indicates some level of bidirectional hybridization, as reported by both Spencer DL (unpublished data) and Birney (1973) in laboratory breeding systems. Additionally, the null hypothesis of equal nuclear contribution by both parental types in the hybrid zone could not be rejected. Examination of middens as units revealed a near 50/50 ratio of N. micropus/N. floridana mtDNA haplotypes to the east of the highway, as opposed to the west side of the highway, which is biased toward the N. micropus haplotype (76.5%). Spatial examination of independent nuclear markers reveals the N. micropus Adh1-I2 alleles are more widespread within the study area than those of N. floridana, with N. micropus alleles being common both east and west of the highway, whereas N. floridana alleles appear more restricted to the eastern portion of the zone (Figure 2, top panel) . The opposite scenario occurs with Fgb-I7 alleles, with N. floridana Fgb-I7 alleles more widespread throughout the zone, and those of N. micropus appear to be more restricted to the western half of the zone (Figure 2 , middle panel). Although dispersal of alleles at these loci appear unrestricted by the presence of the highway, spatial examination of genomic data reveals far less introgression across the highway, which more closely corresponds with the population substructuring elucidated by Structure and Structure Harvester analyses of all nuclear data utilizing parameter set A. Without further data, a conclusive decision regarding presence of substructure resulting from either selective forces acting upon hybrids or barriers to dispersal cannot be made.
The incongruity between mitochondrial and nuclear genome distributions supports the hypothesis that N. floridana has invaded an area previously occupied by N. micropus. The male biased dispersal of the encroaching species likely introduced N. floridana nuclear alleles into areas previously occupied by philopatric N. micropus females using the riparian habitat along the river as a corridor. Over generations, the presence of N. micropus nuclear alleles was greatly reduced to the east of highway 60/281, although the mitochondrial genome remained (Figure 2) . Birney (1973) inferred that introgression as documented by intermediate morphotypes was evidence of secondary contact. The phylogenetic relationships and spatial molecular data of the zone support Birney's conclusion. To our knowledge, this is the only documented hybrid zone between these 2 species and the observation that the geographic location of this contact zone has been unchanged for 20+ years further supports the idea of secondary contact. We envision the contact zone between N. floridana and N. micropus as being a product of prior speciation (secondary contact) following the Bateson-Dobzhansky-Muller (BDM; Gavrilets 2003) model as outlined in Baker and Bradley (2006) . The BDM model hypothesizes that allopatric populations, through normal evolutionary forces, as well as adaptive and non-adaptive genetic changes, experience genomic changes that are not tolerated as well in a hybrid individual as they will be in most other conspecific members. Under this assumption, there should be intermediate stages of loss of fertility in hybrids before complete reproductive isolation occurs; however, genetic isolation is achieved and maintained throughout the process. It is unclear whether or not these non-sister taxa would follow the BDM model, given the multiple speciation events (Edwards and Bradley 2002) and lack evidence supporting reduced hybrid fitness.
The idea that genetic isolation can occur in the absence of reproductive isolation is discussed in Baker and Bradley (2006) and has been documented in a variety of mammalian hybrid zones including deer (Odocoileus, Bradley et al. 2003; Baker and Bradley 2006) , pocket gophers (Geomys, Baker et al. 1989; Bradley et al. 1991 ) Thomomys (Patton and Dingman 1968) , tent-making bats (Uroderma, Baker 1981) , and elephants (Loxodonta, Roca et al. 2001 Roca et al. , 2005 . The nonsister relationship and genetic divergence of N. floridana and N. micropus (Edwards and Bradley 2002) , along with the ability of F 1 and F 2 generations to reproduce (Spencer DL, unpublished data; Birney 1973) , indicate that the same phenomenon has occurred between these taxa. Incomplete reproductive isolation in these non-sister taxa may be due to the lack of reinforcement typically seen at boundaries of sister species ranges (Gannon and Lawlor 1989; Noor 1999) , which may be the result of recent secondary contact between these species.
Although no distinction was made by NewHybrids regarding generation of backcross, when adult backcross individuals toward either parental type were examined, all were estimated by Structure to have obtained a minimum of 97% of their genome from one species. This low level of genetic introgression suggests some, if not all individuals categorized as backcrosses, are likely multiple generation backcrosses, or belong to a similarly complex hybrid category.
The large proportion of individuals classified as (potentially multiple generational) backcrosses and paucity of F 1 -like individuals suggests nonrandom mating, potentially caused by selection pressures acting upon hybrids, the highway acting as a barrier to dispersal, or a combination of the 2. The high number of individuals classified as hybrids, in combination with the comparable litter sizes in hybrids and parental types, supports selection for hybrids within the zone. However, the wide array of possible genotypes expected to be present in a hybrid swarm was not detected; instead nearly all hybrids (88.5 % of adults, 96.9% from both age cohorts) were determined to be backcrosses, with only a small percent of their nuclear genome estimated to be introgressed (Figure 3) .
Comparable fecundity between hybrids and parental types, high levels of hybridization, paucity of F 1 , F 2 , and parental type individuals, along with previous reports indicating F 1 and F 2 generations are capable of reproduction (Spencer DL, unpublished data; Birney 1973) , indicate a lack of significant negative selection pressure acting upon hybrids and therefore eliminates the dynamic equilibrium model (Moore 1977) as the model maintaining the zone; however, without additional data, it is not possible to determine whether the hybrid equilibrium or hybrid superiority model more accurately reflects the dynamics within the zone. To make this distinction, further research is required to determine the size of the hybrid zone, geographic distribution of certain microsatellite alleles, and differential introgression of alleles over larger areas with spatially referenced data points.
Supplementary Material
Supplementary material can be found at http://www.jhered. oxfordjournals.org/. 
Funding
